Little is known about knee-specific factors that influence contact mechanics. Finite Element (FE) models offer a powerful tool to study contact mechanics, but there often exists ambiguity in the exact values of the inputs (e.g., tissue properties), which can result in a range of output values. Our objective was to quantify the reduction in the range of output values (defined herein as "uncertainty") from FE models of the human knee joint when known pre-defined values are used for clinically measurable inputs. To achieve this goal, we applied a statistically augmented FE approach to three human cadaveric knees for which full geometric and kinematic data were available. Two sets of conditions were simulated: All model inputs, clinically measurable or not, were varied to represent a "normal" patient population (Condition 1); subsets of clinically measurable variable inputs were fixed at specific values (called "patient derived inputs," or PDIs) while the other variables were varied over "normal" values (Condition 2). We found that by fixing body mass index and the anterior-posterior position of the meniscal-bony insertion points, model output uncertainty was reduced by one-to three-fifths. The magnitude of uncertainty reduction was strongly influenced by the individual knee. It was observed that knees with great anterior-posterior translation during gait had greater reductions in uncertainty when PDIs were used. This study represents the first step in developing FE models of the human knee joint based on inputs that can be derived from patients in a clinical setting. Keywords: knee; meniscus; subject-specific; finite element analysis; Kriging prediction Meniscal surgery is the most commonly performed orthopedic procedure in the United States, 1 yet its outcome is variable, with reported incidences of osteoarthritis as high as 50% within 10-20 years.
Meniscal surgery is the most commonly performed orthopedic procedure in the United States, 1 yet its outcome is variable, with reported incidences of osteoarthritis as high as 50% within 10-20 years. 2, 3 Given the central role of the meniscus in distributing joint forces, 4 and in providing stability, 5 lubrication, 6 and proprioception, 7 alterations in the mechanical function of the meniscus have been implicated as playing an important role in the response of the joint. 8 Cadaveric models have demonstrated variability in contact mechanics between knees and within a given activity cycle. 9 In theory, a deeper understanding of patient-topatient variability in joint contact mechanics could be used to assess the risk of joint tissue degeneration after meniscal injury. Towards this goal, knee joint contact mechanics in patients undergoing meniscal surgery have been quantified directly using invasive sensors, 10 and indirectly using advanced imaging techniques. 11, 12 However, neither approach allows the factors that drive variability in contact mechanics to be studied in a parametric manner.
Finite element (FE) models allow for a mechanical assessment of a defined structure subjected to known loading conditions. 13, 14 As applied to understanding knee mechanics, FE models using the "inputs" of joint geometry, tissue properties, and joint kinematics have been used to quantify how joint contact stress and contact area are affected by meniscal properties. [15] [16] [17] However, there often exists ambiguity in the exact values of the input parameters. For example, if tissue properties are derived from physical testing across a number of samples, a mean and standard deviation set of results will emerge. When this range of input values is used in a FE model, a range in output values will emerge that captures the variability (defined herein as "uncertainty") associated with model results. 18 But uncertainty analyses are rarely included in studies. A further complication exists in the application of FE modeling to patients' knees: While some inputs can be readily quantified (geometry, body mass index-BMI, and kinematics), many other inputs cannot be readily clinically measured (meniscal and cartilage tissue properties or meniscal fixation stiffness). To realize the vision of creating patient-specific FE models with low levels of uncertainty around predicted results, an approach for developing FE models with inputs derived from patients in a clinical setting is required.
The goal of this study was to quantify the reduction in the output uncertainty from FE models of the human knee joint when clinically measurable input variables are used. To achieve this goal, we applied a statistically augmented FE approach to three human cadaveric knees for which full geometric and kinematic data were available. Two sets of conditions were simulated in the FE models: Condition 1-inputs were varied to represent a "normal" patient population, Condition 2-subsets of clinically measurable variables were fixed at specific input values (called "patient derived inputs," or PDIs) while the other input variables were ranged over "normal" values. By comparing the range of the contact mechanics outputs for Conditions 1 and 2, the decrease in the model output uncertainty due to fixing specific clinically measurable inputs was quantified.
METHODS

Imaging
Three right cadaveric knees from two females and one male, with an average age of 51 (range, 39-58, Table 1) , 19 were scanned in a clinical 3T MRI scanner (GE Healthcare, Waukesha, WI) using an 8-channel phased array knee coil (Invivo, Gainesville, FL). A 3D CUBE series was acquired to generate an image dataset for segmentation of the menisci, and a 3D SPGR image series with frequency selective fat suppression was acquired to segment cartilage. MRIs were manually segmented using ITK-SNAP 20 to extract the geometries of femoral cartilage, tibial cartilage, and menisci. MRIs were clinically evaluated by a board certified radiologist to evaluate the presence of osteoarthritis or other clinically relevant conditions in each of the knees.
Mechanical Testing
Each knee was fixed to a load-controlled Stanmore Knee Simulator (University College London, Middlesex, UK, Fig. 1 ) 9, 21, 22 and simultaneously subjected to dynamic flexion/extension angles, axial force, anterior/posterior forces, and internal/external torques to simulate gait (ISO 14243-1). An electronic sensor (4010N, Tekscan Inc., Boston, MA) was inserted under the meniscus and across the tibial plateau of each compartment to measure the contact stresses acting normal to the joint surfaces. The sensor was sutured to the tibial insertion of the anterior cruciate ligament and the posteroinferior capsule. Reflective markers were rigidly attached to the femoral and tibial fixtures to measure knee kinematics (six degree of freedom of femur movement relative to the tibia, Fig. S1 ).
Creation of FE Models
Knee-specific FE models were created using the segmented geometry of the articular cartilage and menisci. Articular cartilage and menisci were modeled as elastic materials, and menisci were modeled as transversely isotropic materials. Meniscal attachments were modeled as linear springs. Contact was modeled between the femoral cartilage and meniscus, the meniscus and tibial cartilage, and the femoral cartilage and tibial cartilage for both the lateral and medial compartments, resulting in six contact pairs, all of which were assumed to be frictionless. Kinematic inputs measured from the cadaveric tests of simulated gait (anterior-posterior translation, medial-lateral translation, internal-external angle, and flexion-extension angle) were applied to the midpoint of the femoral epicondylar axis in the FE model, and as such, ligaments were not modeled. Axial force profiles as recorded from the simulator were also input to the FE model (see Fig. 1 ). Because varus-valgus angle was not controlled in the mechanical tests of the cadaveric knees, it was used as a tuning parameter for each knee-specific FE model, as previously described. 19 The outputs from the FE model were previously compared to the experimental model, and demonstrated good fidelity in terms of the regions of contact stress and locations of the weighted center of contact. 19 
Inputs
For each knee, nine quantitative input variables were studied: BMI, anterior-posterior position of the bony insertion point of the anterior meniscal attachments (IP a ), anterior-posterior position of the bony insertion point of the posterior meniscal attachments (IP p ), length of the anterior meniscal attachments (L a ), length of the posterior meniscal attachments (L p ), stiffness of the meniscal attachments (S ma ), circumferential modulus of the meniscus (E cm ), radial/axial modulus of the meniscus (E rm ), and elastic modulus of the articular cartilage (E c ). The ranges of these variables that were chosen to span those of the "normal" population are illustrated in Table 2 .
Condition 1 Runs
Because each of the nine FE inputs is continuous, the input design space has infinitely many possibilities. A finite set of these inputs was selected for FE model runs. These inputs and FE outputs values were used as "training data" to form a rapidly computable approximator of the FE model output for additional metaruns (see Statistical Analysis subsection for details).
Condition 2 Runs
Inputs to the FE model that could be readily quantified in a clinical setting, denoted as PDIs, were identified as follows: BMI, position of meniscal-bony insertion points of the anterior meniscal attachments (IP a ), and the posterior meniscal attachments (IP p ). BMI can be quantified in an office setting, while both IP a and IP p can be extracted from MR scans (see rows 1-3 of Table 2 , Fig. 2) . The values of these inputs were "fixed" in the FE models (Table 3) , and all other "clinically difficult to measure" inputs were varied across their ranges for "normal" knees (rows 4-9 of Table 2 ).
Statistical Analysis FE runs were made at 21 inputs that were as space-filling as possible. The locations of the input vectors formed a Latin hypercube design (LHD) in nine space which, additionally, maximized the minimum run interpoint distance among all LHDs. 23 Secondly, FE runs were made at an additional 180 inputs that formed a grid. 19 In sum, 201 FE models were run for each knee. These 201 FE model outputs were used as training data for a rapidly computable "Kriging" predictor that could be evaluated at any new set of inputs. A Kriging predictor is a generalization of regression predictor that is used widely to estimate function output. 24 Its accuracy in predicting the output at "new" inputs was assessed by The three knees that were tested displayed varied amounts of OA: Knees 1 and 2 displayed a moderate degree of OA within both compartments, knee 1 also had an advanced level of OA at the patellar-femoral joint; knee 3 displayed no OA.
2234
GUO ET AL.
applying leave-one-out cross-validation to the training data. This means that each training data point was held out of the fitting process and predicted based on the remaining 200 points. The cross-validation mean-squared-error of the Kriging predictor was <0.2%. The Kriging predictor was used to compute the sensitivity of the FE contact mechanics outputs to the nine model inputs by estimating the main effect and total effect sensitivity indices (SIs) for each input 25 and constructing main effect plots. Then, the Kriging predictor was used to assess the range of each output as the inputs varied over the Condition 1 inputs or the Condition 2 inputs. For both Conditions, gridding the input space was prohibitive. Instead a set of space-filling points was selected to be a "Sobol" sequence. 26 Sobol sequences have been used in numerical integration to provide a dense set of inputs at which to evaluate a function having a large number of inputs. A Sobol sequence covers a given space more evenly than numbers selected at random. A set of 4,096 point Sobol sequence in 9D was used to assess the range of the Condition 1 outputs and a 256 point Sobol sequence in 6D (paired with each fixed PDI input) was used assess the range of the Condition 2 outputs. In both cases, the Kriging predictor provided a rapidly computable approximator to the FE output.
Outputs
Contact stress maps on the tibial cartilage were computed for the medial and lateral compartments at three points in Figure 1 . Three FE models were built for each of three cadaveric knees, respectively, where knee-specific geometries were obtained using MRI, and knee-specific gait kinematics were measured from a dynamic knee simulator. The three knees showed different kinematics (only anterior-posterior translation is illustrated), and raw output of the models are contact stress maps. Result analyzed in statistical analysis is percent of load in the cartilage-cartilage (C-C) zone, which is the load in C-C zone divided by the total load in a compartment.
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the gait cycle where axial force peaked, at 4, 14, and 45% of the gait cycle. To capture the distribution of contact stress across the tibial plateau, the surface was divided into two zones for each compartment: Cartilage-cartilage (C-C) and cartilage-meniscus (C-M) contact zones. The percentage of the load distributed through the C-C zone, which is the total load in the C-C zone divided by the total load in the compartment, was calculated as the primary output variable. Uncertainty of the FE model was defined as the range of the percent of load in the C-C zone over a varying set of inputs. Percent of load through the C-C zone is presented for the medial and lateral compartments of Peak 2 (14%) of the gait cycle, where the knee is at the mid-stance of gait, and the femur is flexed at 15.2˚, subjected to 110 N anterior force and 0.9 Nm external torque. Results at Peaks 1 and 3 of the gait cycle were similar to those at Peak 2 of the gait cycle and are included as supplementary material (Figs. S2-S5 ).
RESULTS
The three cadaveric knees used in this study represent a range of geometries and pathologies. For example, Knee 2, the knee from a male donor, was much larger than the other two knees. Knees 1 and 2 displayed a moderate degree of tibiofemoral OA within both compartments, while Knee 3 displayed no OA (Table 1 ). Knee 1 also had an advanced level of OA at the patellar-femoral joint. Experimental testing with simulated gait resulted in different kinematics (see supplementary material Fig. S1 ): At peak 2 of the gait cycle, Knee 1 exhibited tibial anterior translation during simulated gait of up to 9.2 mm, while Knee 2 exhibited 1.0 mm of tibial anterior translation, and the anterior translation of the tibia of Knee 3 was between those of Knees 1 and 2, at 5.3 mm. Tibial translation in the medial-lateral direction was 1.5 mm in the lateral direction, 0.3 mm in the medial direction and 0.8 mm in the medial direction for Knees 1, 2, and 3, respectively. The three knee-specific FE models had very different contact stress distributions (Fig. 3) . For Knees 1 and 3, contact force at peak 2 of the gait cycle was evenly distributed between the medial and lateral compartment, while for Knee 2, the lateral compartment experienced greater contact force than the medial compartment.
Condition 1 Runs
When inputs varied simultaneously across a "normal" patient population, the uncertainty of the FE model for percent load in the C-C zone was variable across knees and across compartments, Figure 4 . In the medial compartment, uncertainty across knees (visualized as the range of the minimum to the maximum value for each box plot in Figure 4a ) ranged from 40 to 42%. In the lateral compartment, Knees 2 and 3 had uncertainties of 25-29%, while Knee 1 had an uncertainty of 
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The first three variables are "patient derived inputs," PDIs, and the others are difficult-to-quantify variables. Since the constructed FE models were based on knee-specific geometries and kinematics, geometry and kinematics together are essentially a tenth variable. The two anterior meniscal attachments and two posterior meniscal attachments were grouped, respectively. The range of BMI represents typical US population. 56%, Figure 4c . For the medial compartment, of the nine quantitative variables studied, five variables (BMI, IP a , IP p , E cm , and E rm ) made large contributions to the variability in the percent of load in the C-C zone (Fig. 4b) . The remaining four variables (E c , S ma , L a , and L p ) had minimal effects. For the lateral compartment, three variables (BMI, E cm , and E rm ) made large contributions for Knee 2 and Knee 3, while IP p dominated the response of Knee 1 (Fig. 4d) .
Condition 2 Runs
In contrast to Condition 1 where all inputs were allowed to vary within "normal" ranges for a specific FE model, fixing the three PDIs at specific values decreased the model uncertainty for each knee (Figs. 5 and 6). The amount by which the model uncertainty was reduced was different for each knee: Knee 1 experienced the greatest reduction (three-fifths reduction), and Knee 3 the least (one-fifth reduction). For all combinations of inputs across knees and across all compartments except the medial compartment of Knee 2, the maximum load in the C-C zone was associated with maximum BMI, extreme anterior position of the anterior meniscal insertion site (IP a ), and extreme posterior position of posterior meniscal insertion site (IP p ). The minimum load in the C-C zone was associated with low BMI, small posterior IP a , and small anterior IP p . However, for the medial compartment of Knee 2, maximum load in the C-C zone was associated with the most anterior position of the anterior and posterior meniscal insertion sites (IP a and IP p ); while low BMI, and most posterior position of both insertion sites (IP a and IP p ) had the lowest percent of load in the C-C zone.
DISCUSSION
The goal of this study was to quantify the reduction in the output uncertainty from FE models of the human knee joint when clinically measurable input variables are used. Three experimentally validated, computational FE models created using human cadaveric kneespecific MR derived geometry and kinematics from experimentally simulated gait were used to satisfy this goal. The effect of meniscal and cartilage tissue properties, meniscus-bone fixation length, stiffness and location, and BMI on load sharing across the medial and lateral compartment of the tibial plateau was assessed. The range of input values was chosen to span that of the "normal" population (Condition 1) or, to include specific PDIs, which could be quantified in a clinical setting while allowing all other inputs to span "normal" values (Condition 2). By computing the percent of load within a compartment that was distributed through the zone of cartilage-cartilage contact for both conditions, we found that by fixing the PDIs of BMI, and the anterior-posterior position of the meniscal-bone insertion points, model output uncertainty was reduced by one-to three-fifths. The magnitude of reduction in model output uncertainty was variable between knees and compartments. While it is unclear if the variability is due to differences in knee geometry, joint alignment or kinematics, it was observed that the knees with a greater anterior-posterior translation during gait had greater reductions in model output uncertainty when PDIs were used. 
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Alterations in the mechanical function of the meniscus have been implicated as playing an important role in the response of the joint to injury and surgery. 2 To understand the relationship between joint mechanics and the ensuing biological response, a number of in vitro and in vivo models have emerged. In vivo animal models and in vitro tissue explant models have demonstrated that increased joint translation, contact stress, and impact force can lead to cartilage degeneration. 8, [27] [28] [29] [30] In vivo patient-based studies of joint kinematics and tissue contact have also suggested that changed kinematics during walking can influence changes in joint morphology. 31 Conceptually, a deeper understanding of a patient's joint mechanics and how those mechanics are affected by injury, could be used to assess the risk of joint tissue degeneration after meniscal injury, and hence the need to surgically intervene. Given the difficulties of directly measuring Fig. 4) , Conditions 2a-e represent the outputs where PDIs were fixed and the other six variables were varied, see Table 3 .
2238
GUO ET AL. knee joint contact mechanics in patients, models aimed at indirectly quantifying joint mechanics have been pursued. Imaging methods have been used to assess patient-based cartilage deformation, either during static loading, 11, 32, 33 or dynamic activities. 34, 35 However, such approaches do not take into account tissues deformation and do not allow for a full analysis of the distribution of contact forces on the articulating surfaces. FE models can be used to quantify the contact mechanics of knee joints and parametrically study the effects of variations in input values to mimic patient-to-patient variability in tissue properties and joint geometry. 15, 17, 36, 37 However, there often exists uncertainty in the exact values of the inputs to FE models. When a range of input values is used in a FE model, a range in output values will emerge. By recognizing and reporting the range of results for a varying set of inputs-that is, "uncertainty" in model outputs-a more realistic interpretation of the data generated from FE models is possible.
The uncertainty analysis of outputs from each of the three knee-specific FE models created in this study was designed to represent two conditions. Condition 1 was intended to mimic a situation whereby, for a specific knee geometry and kinematics, all inputs (meniscal and cartilage tissue properties, meniscal-bone fixation properties, and BMI) were unknown and thus were varied over ranges consistent with a "normal" patient population. The uncertainty associated with the model outputs, quantified as the percent of load through the C-C zone, was high ranging from 24 to 56% among knees. Given such high levels of uncertainty, it is unlikely that the models would be capable of detecting subtle changes in mechanics associated with injury to the meniscus, for any given knee. Condition 2, was designed to mimic the situation whereby for a given knee, with known kinematics, specific FE model inputs that could be readily quantified in a clinical setting were used, PDIs. Thus for each knee, we chose specific values to represent specific patient scenarios, each with their own BMI (which can be quantified in an office setting), and a specific position of the anterior and posterior meniscal attachments, both of which could be extracted from MR scans. All other "clinically difficult to measure" inputs were assumed to be un-measurable and were allowed to vary across the range for "normal" knees.
Whether 9D space (Condition 1) or 6D space (Condition 2) is considered, the number of FE models required to span the entire range of input variables is prohibitively large. To circumvent this challenge, we used a rapidly computable "Kriging" predictor. A Kriging predictor is a generalization of regression predictor which is used widely to estimate function output. 38 In our case, the Kriging predictor was built on "training data" from actual FE runs. A total of 201 FE runs were made at 21 input vectors that were as space-filling as possible, based off a Latin hypercube design in nine space. An additional 180 inputs was identified for which the FE models were also run to form a grid across the design space. 19 Once the FE model derived training data was input to the kriging predictor, it was used to assess the range of each output for Condition 1 inputs and Condition 2 inputs. For Condition 1, a 9D grid of combinations is required. For each set of fixed PDIs used in Condition 2 runs, one candidate set of input vectors to pair with that PDI requires a 6D grid of combinations. The total number of grid points grows exponentially in the dimension of the space being studied. For example, using a grid of 9D with three values per input would require over 19,000 FE runs. Instead, a smaller number of space-filling points was selected by utilizing a "Sobol" sequence 26 of length 4,096, to cover the space of nine non-inputs. Pairing each 9D vector from the Sobol sequence provided a set of 4,096 vector inputs, Figure 6 . Representative contact stress maps for Knee 1, Knee 2, and Knee 2 for Condition 1 and Condition 2a. The images were chosen to represent extreme results from each condition; where the models with the highest percent of load in C-C zone (max), and the models with the lowest percent of load in the C-C zone (min) are illustrated. Bigger visual differences between "min" and "max" within a knee and within a condition, suggest more uncertainty in the output. Fixing PDIs, as per condition 2a, decreased the differences in visual appearances between the "min" and "max" images of contact stress distribution on the tibial cartilage.
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for Condition 1 and 256 for Condition 2. As such, the design space was appropriately captured by our approach.
Fixing PDIs led to a reduction in model output uncertainty for all knees, but the reduction magnitude was variable among knees and within compartments (Fig. 5) . For example, including PDIs for Knee 1 decreased uncertainty by up to three-fifths. This dramatic reduction can be attributed to the fact that the uncertainty in output for that knee for Condition 1 was the highest compared to the other knees and was dominated by BMI, IP a , and IP p (which are PDIs, and hence specified in Condition 2 runs). Fixing PDIs for Knees 2 and 3 decreased the model output uncertainty by one-fifth to one half. Of note, Knee 2 had the least amount of anterior-posterior translation during a gait cycle (Fig. S1) , and the meniscus moduli contributed over 50% of the model uncertainty. Thus, without fixing the value of the meniscal modulus, which is currently impossible to measure in a clinical setting, there is a threshold beyond which uncertainty cannot be reduced with the input of PDIs.
In our previous study, 19 the effects of tissue properties (meniscus, cartilage, and meniscal-bone attachment modulus) and varus-valgus alignment on loading sharing between compartments and contact zones were quantified. The current study included analysis of a broader set of variables (BMI, and meniscal-bone attachment position), nonetheless some common results between the two studies emerged. In both studies, circumferential and radial moduli of meniscus had profound effects on model outputs, while stiffness of meniscal attachment had minimal effects. The latter result is different than previously reported, 15 although it should be recognized that the range of stiffness modeled in the current study was within the "normal" range. It is possible that if values outside this range were chosen, contact mechanics might be affected. By including a more comprehensive set of inputs in the current study, we found that BMI had a pronounced effect on the percent of load in the C-C zone (Fig. 4) . Specifically, as BMI increased, so did the percent of load in the C-C zone. It is widely accepted that obesity is a risk factor for osteoarthritis 39 and being overweight increases the load placed on the knee joint. 8 It is possible that increased force in the C-C zone could alter the microenvironment of the cells within the articular cartilage increasing the likelihood of tissue degeneration in that zone. Weight loss might mitigate this problem. 40 Furthermore, of all nine variables studied, BMI, E rm , and E cm had consistent effects in both medial and lateral compartments. Medial and lateral compartment mechanics were also strongly influenced by the position of the meniscal attachment points; with the response of the lateral compartment of Knee 1 completely dominated by position of the anterior insertion site, over all other variables. Knee 1 exhibited the largest amount of anterior-posterior translation during simulated gait (Supplementary material Fig. S1 ), which may place higher strain on the meniscal attachment sites. These results are consistent with clinical findings that knee instability and meniscal injuries frequently involve the posterior horn of the menisci. 41, 42 Thus it is possible that increased translation is associated with increased meniscal mobility, and if the attachment sites of a more "mobile" meniscus are adjusted, the ability of the meniscus to distribute load is more significantly affected. An unstable knee has large translation in the anterior-posterior direction, so the meniscal attachments play a significant role by securing the meniscus in place and allowing for the load-distributing function in the knee. 42 It is challenging to capture and report the complexity of contact stress maps, as output from physical or computational models, and for this reason, many studies report peak contact stress or contact area. [15] [16] [17] 33, 36, 37, 43, 44 However, given the central role that the meniscus plays in distributing force across the articular surfaces of the joint, we decided to report "load sharing" between regions of the tibial plateau subjected to tibiofemoral C-C zone versus the entire tibial compartment. By reporting percent load through the C-C zone, it is recognized that a fully meniscectomized knee, hence a worse-case scenario, will result in 100% contact force through the C-C zone. Through our statistically-augmented computational approach, we found that the percent of load in the C-C zone was highly variable among knees and within compartments, illustrating the importance of using patient-specific geometry and kinematics to predict the response of the model, which is consistent with the finding of Gerus et al. 45 To visually capture the differences in output uncertainty from Condition 1 and Condition 2, we plotted contact stress maps for each knee from Conditions 1 and 2a (Fig. 6) . The images represent extreme results from each condition, where the models with the highest percent of load in C-C zone (max), and the models with the lowest percent of load in the C-C zone (min) are illustrated. Bigger visual differences between "min" and "max" within a knee and within a condition, suggest more uncertainty in the output. This analysis illustrates a reduction in uncertainty of the output by fixing PDIs, and emphasizes the fact that the greatest reduction of peak contact stress in the C-C zone occurred in Knee 1. Moreover, peak contact stresses on the tibial cartilage ranged from 8.5-12 MPa, which is within the range reported by Mononen et al. 16 The key advantage of the current study is the investigation of model output uncertainty caused by input variability.
To realize the goal of creating patient-specific FE models further requires an assessment of uncertainty of models created based on data that can be acquired in a clinical environment. The current study represents a key first step towards achieving this goal. The three cadaveric knees used to create the knee-specific FE 2240 GUO ET AL. models had very different geometries and kinematics, and corresponding differences in joint contact stress maps and as such can capture some level of knee-toknee variability. Nonetheless, the current study has several limitations. Firstly, though the cadaveric knees showed different degrees of osteoarthritis, during the validation phase of the FE model material properties of cartilage and meniscal tissues were set as the mean values measured from "normal" patient populations. Also in the statistical analysis, the inputs for FE models spanned "normal" patient populations without taking into account the effects of osteoarthritis. Finally, the regional variation, nonlinearity, and inhomogeneity of the articular cartilage and meniscus was not included in the FE model. Since the current study focused on contact stress on the articular cartilage, the elastic material model is reasonable. 46 In future studies, it will be of interest to investigate effects of variables on stresses within the articular cartilage and meniscus using more complicated material models, such as fiberreinforced biphasic models. 16, 47 In summary, our study suggests that FE model output uncertainty can be reduced by knowing knee joint geometry, kinematics, BMI, and position of meniscal insertion sites. While the amount of output variability is different between knees and within compartments, in the best case scenario, an FE model can be used to calculate the percent load in the C-C zone with an uncertainty range of 10-30%. However, a greater understanding of the role of kinematics in influencing the magnitude of the reduction in uncertainty warrants further investigation. In future studies, we aim to apply this approach to the study of patients undergoing meniscal surgeries.
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